Abstract-Until now, existing models for retrieving river ice thickness are mostly based on environmental data. They require many inputs and indicate a global value of ice thickness for a large heterogeneous area. Studies have been performed intending to retrieve river ice thickness throughout remote sensing using monopolarized C-band radar data. But no reliable ice maps of ice thickness have been produced. In this paper, the information gain from polarimetric SAR data is demonstrated and a river ice thickness model is proposed. This model is applied and validated on Radarsat-2 images acquired at C-band in winter 2009 over the Saint-François River (Southern Quebec), the Kosoak River (Northern Quebec) and the Mackenzie River (Northwest Territories), in Canada. Field campaigns were carried out to obtain more than 70 samples of various river ice thickness. The optimal polarimetric parameter is chosen to retrieve both easily and rapidly river ice thickness. This approach offers reliable spatially distributed ice maps.
I. INTRODUCTION
In many northern rivers of Canada, some knowledge of ice thickness is particularly required for public safety as well as for the design of structures such as bridges, dams, channel stabilization measures and coastal shoreline protection. Existing models for retrieving river ice thickness are mostly based on environmental data [1] . They require many inputs and indicate a global value of ice thickness for a large heterogeneous area. Until now, studies have been performed intending to retrieve river ice thickness throughout remote sensing using monopolarized C-band radar data. But no reliable ice thickness maps have been produced. In this paper, the information gain from polarimetric SAR data is demonstrated and a river ice thickness model is proposed. This model is applied and validated on Radarsat-2 images acquired at C-band in winter 2009 over the Saint-François River (Southern Quebec), the Kosoak River (Northern Quebec) and the Mackenzie River (Northwest Territories), in Canada. Field campaigns were carried out to obtain more than 70 samples of various river ice thickness.
The following section provides a background on the characterization of river ice. Then, available data are described. The paper next focuses on the model before discussing results.
II. CHARACTERIZATION OF THE RIVER ICE
During the winter season when ice cover is fully frozen, its backscattered signal is composed of surface and volume scattering contributions. The surface scattering is influenced by the air-ice and particularly by ice-water interface roughness and by ice dielectric constant [2] . The ice-water interface causes the main backscattering due to large dielectric contrast between the two media. The roughness causes a depolarization of the incident wave. Volume scattering is caused by all the impurities embedded throw the thickness h i of ice matrix, which is the distance between the air-ice and ice-water interfaces. The understanding of scattering mechanisms occurring in case of thin or thick ice is important for developing a reliable river ice thickness estimation model. Thermal ice forms when the stream flow is slow and water is calm [3] . This ice is usually solid and pure, that is, largely free of air bubbles, but may be embedded with spherical or tubular air bubbles. Frazil ice is formed in the turbulent flows where the watercolumn temperature, which has to be super-cooled [4] , is homogeneous. Frazil ice is embedded with spherical irregularly bounded air inclusions. Consolidated ice, defined as consolidated ice blocks refreezed after break-up jams, is formed in unsteady water flow and air temperatures near freezing. It may be constituted from different ice types and generally has a very rough air-ice interface.
III. DATA A. Field data
The , from roughly Point Separation in the South to Oniak island in the North. The ice thickness was measured by coring (using an ice corer) or estimated using a ground penetrating radar (GPR). The ground-truth data were acquired at almost the same day as the Radarsat-2 acquisitions. In addition to ice thickness, the ice was categorized according to type (e.g. thermal, frazil, consolidated). The basic measurements taken at all sites included the ice physical characteristics such as ice type, thickness, density, size and distribution of the air bubbles. In fact the characterization of air inclusions helps understanding ice thickness estimation errors.
B. SAR data
Polarimetric Radarsat-2 images were acquired in February and March 2009 over the Saint-François and the Koksoak (Courtesy of INRS laboratory, Quebec, Canada) and the Mackenzie (Courtesy of CCRS laboratory, Ottawa, Canada) Rivers. The incidence angle varies from 27 o to 35 o . They were supplied in single look complex (SLC) format and were multilooked (1 look in range and 2 looks in azimuth). A 7x7 window size Lee filter [5] was also applied to reduce the speckle effect. The resulting equivalent number of looks (ENL) is 49 looks. Then, a geometric correction process was achieved using a photogrammetric approach [6] . After preprocessing step, pixels are square at a 10 m spatial resolution.
IV. DEVELOPMENT OF A C-BAND POLSAR MODEL
Ice thickness (70 samples) and polarimetric parameters are compared to find a reliable regression function, which is inversed to retrieve ice thickness. Rough ice is not taken into account. Linear and non linear regressions have been tested to find the optimal polarimetric parameter. The best regression in terms of correlation and generelization potential for future studies is obtained by a polynomial function. Parameters derived from the eigenvalues and eigenvectors analysis [7] , particularly entropy H that provides a measure of statistical disorder, were found to be the most sensitive to river ice thickness (0.85 of r 2 for H). |S hh | 2 is far less sensitive to river ice thickness variations (0.22 of r 2 almost like [8] ), which proves the need of polarimetric data. Finally, the regression depending on H, selected because it shows the best correlation with measured ice thickness, is given by:
This regression is illustrated on Figure 1 .a. At this point, river ice thickness can be retrieved from the simple equation (1) (1) is used to produce retrieve ice thickness maps. Wishart classification has been chosen to mask rough and consolidated ice that can not be treated by the model.
V. ESTIMATION OF RIVER ICE THICKNESS
A leave-one-out cross-validation is applied for river ice thickness estimation. This strategy involves using a single sample from the original observations as the validation data, and the remaining observations as the training data. This is repeated such that each observation is used once as the validation data. This is the same as a k-fold crossvalidation with k being equal to the number of observations in the original sample. Estimation results are presented in Figure 1 .b. When all the samples are considered, the root mean square error (RMSE) is equal to 9.2cm/16.6%. This accuracy is about the same than obtained by the best meteorological models but this new model using polarimetric SAR data provides spatially distributed ice thickness maps.
Concerning the estimation of river ice thickness for dataset acquired on 04 February, 28 29.9%, 50.2% and 52.6% of the total number of pixels for each SAR acquisition respectively. Thickness is quite constant in time except in some areas. In Figure 2 for example, the zoomed area indicates a growth of the ice cover during the winter. Indeed, this part of the river is wide with a weak sinusoity and the streamflow is calm. Thus, the ice cover is intact and thermally grows with time. This phenomenon is not observed in all the rivers, particularly when the streamflow is high in a narrow and sinuous river, which leads to the erosion of the ice cover. Over the Kosoak River, the amount of masked samples is large (60.4%) due to the presence of consolidated ice. Thickness is not spatially constant. Some pixels make the estimator saturating because of high thickness and/or porosity. Over the Mackenzie River, thickness is spatially uniformly distributed.
VI. CONCLUSION
An empirical model for retrieving river ice thickness using C-band fully polarimetric SAR data is developped to offer easily and rapidly the first spatially distributed ice thickness maps. Results from the winter field study, investigating the relationship between entropy H which provides a measure of statistical disorder and ice thickness, produced coefficients of determination r 2 of 0.85, suggesting that there is potential for SAR images to provide ice thickness information. The model presents an estimation with a RMSE of 16.6%. The robustness of our empirical model and thus potential for application to data sets corresponding to other rivers or winter seasons remains to be assessed. Further investigations will be undertaken in 2012-2013. 
